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The loss of methyl radical in collision-activated dissociation (CAD) of acetone and propane 
molecular ions has been studied at low energy using a tandem hybrid mass spectrometer. 
Although the two processes are very similar chemically and energetically, very different 
dynamical features are observed. Acetyl ions from acetone ion are predominantly backward- 
scattered, with intensity maxima lying inside and outside the elastic scattering circle, confirm- 
ing our previous observation that electronically excited states are important in low-energy 
acetone CAD. Ethyl ions from propane ion show a forward-scattered peak maximum at a 
nonzero scattering angle, which is consistent with generally accepted models for vibrational 
excitation and redistribution of energy before dissociation. Both processes demonstrate that 
CAD at low energy proceeds via small-impact-parameter collisions with momentum trans- 
fer. Comparison of the present results with higher energy CAD dynamics studies and earlier 
work leads to some tentative genera1 conclusions about energy transfer in these processes. 
(J Am Sot Mass Spectrom 1990, 1, 6-E) 
0 ur understanding of collision-activated disso- ciation (CAD) reactions in organic and analyti- cal mass spectrometry has grown enormously 
over the past two decades in parallel with the dramatic 
increase in tandem mass spectrometry (MS/MS) ap- 
plications and the increased availability of commercial 
instruments of various configurations [l]. Fundamen- 
tal investigations of these processes initially empha- 
sized experimental and theoretical studies of small and 
medium-sized molecules in the kilovolt energy range 
and were later extended to lower energies. A substan- 
tial body of information now exists on collisional en- 
ergy transfer and energy release in the dissociation of 
activated ions. These studies have facilitated the devel- 
opment of generalized mechanisms for the activation 
and dissociation steps [l, 21 in MS/MS. 
Although many studies of kinetics and mecha- 
nisms of small-ion decompositions and more qualita- 
tive mechanistic studies of large polyatomic ions have 
been carried out, very little information is available 
on the dynamics (i.e., velocity vector distributions for 
product ions originating at the collision center) of CAD 
processes. The database is particularly limited for poly- 
atomic ions. Herman et al. [3] reported a dynamic 
study of the CAD of methane and propane molec- 
ular ions at low energy and demonstrated that the 
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observed dynamics are consistent with the generally 
accepted model of vibrational excitation of the poly- 
atomic ion followed by its unimolecular decomposi- 
tion. This interpretation assumes statistical redistribu- 
tion of energy and rapid dissociation of ions that are 
activated by energy deposition slightly above the ther- 
mochemical threshold. Stated otherwise, this study 
supports the view that CAD of polyatomic ions can 
be adequately rationalized using the concepts of the 
quasi-equilibrium theory (QET) of mass spectra [4]-at 
least at low collision energy. A correlation of energy de- 
position with scattering angle was also demonstrated, 
suggesting the possibility of a quantitative approach to 
angle-resolved mass spectrometry. 
We recently investigated acetone ion CAD [5, 61 
and found a qualitatively different behavior from that 
reported for methane and propane [3]. These results 
challenge to some extent the hypothesis that mecha- 
nisms of CAD in the low-energy regime can be gener- 
alized. These contrasting results prompted the present 
investigation of the CAD reaction dynamics of the 
propane and acetone moIecular ions carried out un- 
der identical laboratory conditions on the same instru- 
ment. 
In this paper we compare the following reactions at 
about 1.15 eV collision energy with He collision gas: 
CH,COCH,+ - CH3CO+ + CH; (1) 
CH3CH2CH;’ + CH,CH: + CH; (2) 
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These reactions have obvious similarities. Their ther- 
mochemical thresholds for dissociation are 0.65 eV 
[7] and 0.95 eV [S], respectively. Both reactions pro- 
ceed directly without rearrangement before dissocia- 
tion, consistent with the hypothesis of a loose tran- 
sition state [9] for both ionic fragmentations, Further, 
these dissociations are not competitive with unimolec- 
ular metastable decay processes; the metastable pro- 
cess for both ions is the rearrangement elimination of 
methane, which proceeds via a tight transition state. 
Both reactions 1 and 2 proceed with negligible reverse 
activation energy and small kinetic shifts [lo]. Both 
have been investigated by using a variety of experi- 
mental techniques, and there is a good general under- 
standing of these fragmentation processes. 
Despite these many similarities, the detailed ki- 
netics of the unimolecular decay of excited acetone 
and propane ions are markedly different. The propane 
ion has served for many years as an archetypical ex- 
ample of ions whose dissociation processes are well- 
described by the QET of mass spectra [II, 121. For ace- 
tone, on the other hand, it has been demonstrated in 
careful studies by Lifshitz et al. [13, 141, and by oth- 
ers [15-181 that the metastable decay and CAD of the 
acetone ion are bimodal and cannot be explained by 
the QET, that is, it is an archetypical example of a 
non-QET molecular ion. The detailed reasons for this 
difference are not completely understood, and non- 
QET behavior by polyatomic ions is a current research 
topic in ion chemistry. Nevertheless, it is now well es- 
tablished that the acetone molecular ion is character- 
ized by a band of electronically isolated levels that do 
not communicate efficiently with the ground electronic 
state [6, 191. This violates one of the fundamental prin- 
ciples of the QET, and the decay processes of this ion 
may be expected to exhibit either subtle or profound 
differences from its QET-type analogue, the propane 
molecular ion. 
The present experiments were carried out with the 
new tandem hybrid mass spectrometer that we con- 
structed especially for the purpose of investigating the 
dynamics of CAD reactions [20]. The first- and second- 
stage instruments are commercial mass spectrometers, 
the collision region is a supersonic molecular jet, and 
the ion optics and energy and angular deflection com- 
ponents are of our own design. The results will be 
discussed and presented in the center-of-mass (CM) 
framework. The CM reference frame is the most ap- 
propriate format in which to present dynamics data 
and describe the fundamentals of energy transfer and 
reaction mechanisms [21]. 
Experimental 
The instrument used for the present study has been 
described in detail elsewhere [20], and only a brief de- 
scription is given here. Ions generated by electron im- 
pact (EI) ionization (70 eV electrons) and accelerated to 
high energy (3 keV) by a VG 7070 E double-focusing 
mass spectrometer are decelerated to the desired low 
energy at the collision center by a series of cylindri- 
cal and rectangular tube lenses. At the collision center 
the low-energy ion beam intersects a vertically moving 
molecular beam of helium atoms formed by supersonic 
expansion through a 100~km nozzle. The energy and 
mass of fragment ions are analyzed by using a hemi- 
spherical energy analyzer and quadrupole mass filter, 
respectively. The detector assembly is rotated about 
the Intersection zone of the ion and neutral beams to 
determine energy and intensity distributions as a func- 
tion of scattering angle. 
The energy distributions of the fragment ions at var- 
ious angles are transformed into velocity contour dia- 
grams in the CM reference frame as described else- 
where 120). Data are presented in the form of contour 
maps drawn by joining points of equal Intensity. The 
region on the right-hand side of the diagram between 
the ion velocity vector and the normal to the CM is re- 
ferred to as foruurd scattering (CM angles O-r/2, refer- 
enced to the ion beam), and the region on the left, as 
backward scattering (CM angles r/2-x, referenced to the 
ion beam and following the neutral beam path). 
Results and Discussion 
As noted in the Introduction, very few MS/MS exper- 
iments have analyzed collisional activation and disso- 
ciation processes as a problem in reactive scattering 
dynamics. Accordingly we preface our discussion of 
results with a brief introduction to the construction 
and interpretation of scattering contour diagrams. A 
more detailed discussion of key points in scattering 
theory and a compilation of the relevant equations for 
transforming data between laboratory and CM refer- 
ence frames can be found in Chapters 2 and 8 of ref 
21. Transformation procedures specific to the appara- 
tus used in the present research are given in ref 5. 
The logical starting point for discussing scattering 
processes is to consider elastic scattering as a baseline 
example. In collision chamber MS/MS, the neutral tar- 
get molecules have only random thermal motion and 
can be considered to be at rest in the laboratory frame. 
The fast projectile ion strikes the neutral species and, 
in purely elastic scattering, transfers kinetic energy to 
it. For the simplest possible case of hard-sphere colli- 
sions, a glancing (tangential) collision transfers no en- 
ergy, while a line-of-centers (zero impact parameter) 
collision transfers the maximum possible kinetic en- 
ergy to its partner. All impact parameters between zero 
and the hard-sphere collision diameter, R, = Rr + Rz, 
result in angular scattering between 0” and 180”. Each 
scattering angle is associated with the exchange of a 
specific amount of kinetic energy, increasing smoothly 
from zero to the maximum allowed by conservation of 
energy and momentum. For all centrosymmetric po- 
tentials, elastic scattering trajectories are a function of 
only the masses of the two particles, their initial kinetic 
energies, their interaction potential, and the impact pa- 
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rameter for the collision. Chapter 2 of ref 21 provides 
an instructive discussion of structureless classical tra- 
jectories for both hard-sphere and Morse potentials. 
The latter example illustrates the influence of attrac- 
tive potential wells on elastic scattering. Potentials that 
more realistically describe the interaction of ions with 
neutra1 species are also discussed. 
As any amateur pool player can attest, the results 
of elastic collisions in the laboratory frame present a 
wonderful variety of possibilities. In sharp contrast, 
the CM frame presents a very monotonous result. The 
particles approach the CM origin, or collision center, 
and then retreat with the same kinetic energy. The only 
change allowed by the conservation laws is rotation 
of the relative velocity vector about the collision cen- 
ter. The postcollision distribution of allowed velocities 
(momenta) is a sphere, and any planar section (e.g., 
the plane swept by a detector) is a circle with the CM as 
its origin. This circle is called the elastic scattering circle 
(ESC) in the discussion that follows. By factoring out 
the extraneous forward motion of the collision partners 
in a particular laboratory setting, the laboratory-to-CM 
transformation not oniy produces a dramatic simplifi- 
cation in the presentation of results but also presents 
data in a format suitable for discussing both energy ex- 
change and angular scattering properties for inelastic 
collisions. 
Because elastic scattering involves no exchange of 
kinetic and internal energy, it is of no direct interest in 
CAD. However, it is the boundary zone between trans- 
lationally endothermic and translationally exothermic 
processes. In general, CAD processes are inelastic scat- 
tering events in which translational energy is converted 
into internal energy to drive the dissociation process. 
The amount by which a translationally endothermic 
process is displaced inside the elastic scattering circle 
in the contour diagrams that follow is used to measure 
the extent of conversion of kinetic energy into internal 
energy. 
The construction of scattering contour diagrams is 
illustrated in Figure 1, which shows the laboratory ve- 
locity vectors of the reactant ion and neutral collider. 
Since our experiment involves a supersonic beam of 
neutral particles, the neutral beam-shown vertically 
in the figure-is not at rest as in a collision chamber 
experiment. Both the ion and neutral beams are suf- 
ficiently narrow and monoenergetic that they can be 
represented as vectors in Figure 1. The measured beam 
energies, laboratory intersection angle, and masses al- 
low us to calculate the CM velocity and the CM relative 
velocities shown schematically in this figure. The an- 
gular rotation of the detector, set to record the mass 
of the product and measure its kinetic energy distribu- 
tion, provides several slices of three-dimensional (in 
tens&y, energy, angle) data from which the scattering 
contour diagram can be constructed. 
Figure 1 illustrates schematically how the data are 
both collected and reduced to CM coordinates. The 
detector (comprising a hemispherical energy analyzer, 
quadrnpole mass filter, and pulse-counting multiplier) 
is pivoted about the intersection point of the ion and 
neutral beams. At each angle, the kinetic energy of 
the detected ion is scanned as shown schematically by 
the Z(m, 19, V) insert. The reactant ion and neutral and 
product ion energies are converted to velocities, I(V); 
for a series of laboratory angles. The laboratory ve- 
locity of the CM is calculated from the conservation 
of linear momentum constraint, and product ion ve- 
locities with respect to the CM are calculated. Math- 
ematically this involves vector subtraction of the CM 
velocity from the observed laboratory velocities of the 
detected product. Figure 1 illustrates schematically the 
geometric construction for this vector subtraction for a 
selected scattering angle. The CM velocity vectors of 
the primary ion, up, and the neutral collider, UN, are 
shown explicitly to conform to this vector subtraction. 
The ESC that we use as a starting point in our discus- 
sion of energy transfer is also shown. 
Figure 2 elaborates the construction of a hypothet- 
ical diagram for two assumed dynamics models for 
acetone ion CAD. The baseline of Figure 2 is the hy- 
potenuse of the CM scattering triangle that we have 
just discussed in Figure 1. In this postcollision dia- 
gram the reactant acetone ion, AC+, retreats from the 
CM toward the right and the neutral atom retreats 
from the CM toward the left. These two directions in 
the CM frame define the forward-scattering (direction 
of primary ion beam) and back-scattering (direction of 
primary neutral beam) hemispheres, respectively. The 
endpoints of the CM ion and neutral vectors match 
their laboratory frame counterparts, as shown in Fig- 
ure 1. After the collision, the excited ion and neutral 
collider recoil from the CM. Model (a) illustrates for- 
ward scattering of the excited ion, while model (b) is 
back-scattered. The neutral atom velocity vectors for 
models (a) and (b) recoil from the CM with momenta 
equal and opposite to those of the excited acetone 
molecular ions. The subsequent dissociation of the ac- 
tivated acetone ions into acetyl ions (and methyl radi- 
cals) gives us the observabIe flux of CAD products for 
constructing scattering diagrams. 
Before discussing these models further we must 
confront the unfortunate fact illustrated in Figure 2 that 
there is a fundamental indeterminacy in discussing 
the reaction dynamics of CAD processes-namely, that 
two particles collide and a minimum of three leave the 
scattering center. For all two-particle problems, only 
three vectors-reactant ion, reactant neutral species, 
and product ion-need be measured to establish the 
scattering properties of the system uniquely. How- 
ever, in CAD, only the ion product is measured, and 
the scattering angles and velocities of the two neutral 
species can have all values allowed by conservation 
of energy and angular momentum. Consequently, the 
scattering diagram does not provide a unique deter- 
mination of the energetics and angular properties of 
CAD reactions. 
The escape from this dilemma in the interpretation 
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Figure 1. Schematic illustration of the scanning MS/MS method for mapping reactive scattering into 
the CM reference frame. The vectors N and P+ are the measured laboratory vectors for the 
supersonic jet molecular beam (N) and primary ion (P+). The detector mass spectrometer is set to 
observe the product ion mass at a given laboratory angle 8, and the energy distribution and total 
intensity per unit time are recorded. Energy is converted to velocity, and the data are plotted as I(m, 
0, v). When referenced to the CM, the resulting plot is the CM contour diagram for the reaction 
investigated. The CM velocities of the reactant ion, up, and neutral collider, uN, are also shown. The 
experiment is repeated at several angles to map as much of the total reaction sphere as possible. 
of CAD scattering dynamics is the key assumption that 
there is a time delay between the excitation process 
and the decomposition of the excited ion. We think 
that this assumption is very well founded, especially 
for polyatomic ions, as the time delay need only be 
long enough for the neutral collider to escape the po- 
tential field of the ion. For typical collisions this will 
be less than lo&l3 s. For the example of the rather 
low energy collision of acetone ions with helium at 1.6 
eV to be discussed later, the relative velocity of the 
primary ion and neutral is about 1.5 x l@ cm/s. As- 
suming an interaction length of 1.5 x lops cm leads 
to a collision time of lo-l3 s. Decomposition involves 
a minimum of one and typically thousands to millions 
of vibrational motions of the nuclei. Dissociation life- 
times are therefore estimated to be much longer than 
picoseconds. 
Figure 2 depicts the scattering results for two colli- 
sion mechanisms (a) and (b) that deposit the same in- 
ternal energy, AE, in the acetone ion. The conversion 
of kinetic energy into internal energy requires that the 
excited acetone ion velocity fall within the ESC. The 
Figure 2. Hypothetical CM scattering diagram illustrating the reduction of the three-body CAD 
problem to a two-body scattering problem. The reactant acetone ion, P+, and neutral collider, N, 
collide at the CM, and the postcollision vectors of elastically scattered P+ (ESC) and dissociation 
products are shown for two dynamical mechanisms. Excitation of the projectile ion by AE through 
transfer of translational to internal energy exchange, AT’, is illustrated for a large-impact-parameter 
glancing collision (forward-scattered, zero scattering angle) and a strongly impulsive, small-impact- 
parameter collision (back-scattered, large scattering angle). The excited acetone ion dissociates 
isotropically with a small kinetic energy release. Momentum conservation is illustrated by the CM 
vectors for the recoiling neutral collider and methyl radical fragments, neither of which is actually 
detected in these experiments. See discussion in text for details. 
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velocity shift corresponds to the energy transferred in 
the collision, AT’. Momentum is conserved by the re- 
coil of the helium atom, whose velocity is also appro- 
priately reduced; the postcollision velocities have the 
same inverse mass ratio as before collision, namely, 
VHe /uAc = mAc/m&. The velocity vectors of all excita- 
tion processes depositing exactly AE (= a’ by energy 
conservation) in the acetone ion lie somewhere on the 
inner circle of Figure 2. 
Next we consider the dissociation step. The lifetime 
of the excited ion is determined by its unimolecular de- 
cay kinetics and its energy content. The acetyl ions and 
methyl radicals separate from their common centroid, 
which moves with the CM velocity of their excited 
acetone ion precursor. Any kinetic energy release is 
partitioned between the acetyl ion and neutral velocity 
vectors in the inverse ratio of their masses. Assuming 
random orientations of the excited acetone precursor, 
these particles expand in a sphere with the (moving) 
acetyl ion as a precursor. These relationships with the 
circles centered on the two relevant centers of mass for 
models (a) and (b) are depicted in Figure 2 as circles 
in our sampling plane. 
Our two models (a) and (b) assume identical en- 
ergy depositions and dissociation kinetics. The zero- 
scattering angle excitation model (a) corresponds dy- 
namically to a large-impact-parameter glancing colli- 
sion. The back-scattered mechanism shown as model 
(b) assumes that a small-impact-parameter impulsive 
collision is involved in the excitation step. For each 
mechanism, the centroid for the acetyl ion product ve- 
locities can be used to deduce AT’, which defines the 
energy deposited in the acetone precursor ion by the 
collision. The width of the distribution is a measure of 
kinetic energy release in the dissociation step. 
Our hypothetical examples illustrate that a 6- 
function excitation process in which a single, fixed 
amount of energy is deposited can give precisely pre- 
dictable CAD reaction dynamics. Since we measured 
the acetone primary ion and acetyl secondary ion ve- 
locity vectors (and also used a well-characterized su- 
personic beam of neutral species for our second reac- 
tant), our experiments can, in principle, be interpreted 
at the level of detail illustrated in Figure 2. Unfortu- 
nately, it is quite unexpected that any polyatomic ion 
could give as simple a pattern as our models (a) and 
(b) [22]. Rather than single values for excitation, we 
anticipate that a distribution of energy transfer mech- 
anisms will result in a distribution of velocity vectors 
for collisionally excited ions. Similarly, the decompo- 
sition step results in some distribution of dissociation 
dynamics. Together these effects lead to a distribution 
that may be quite broad, and the most we can learn 
from our experiment is something about the avemge 
dynamical behavior of polyatomic ions. 
Our experimental data ‘compare CAD dynamics for 
acetone and propane molecular ions at nearly 1.6 eV 
collision energy in Figures 3 and 6. Contour lines of 
equal intensity are drawn to show the relative proba- 
CHs COCH; . + He- CH&O+ + CHS + He 
et 1.58 CV Collision Energy 
I 
6 x 10 * cm/m0 
Figure 3. Scattering contour diagram for the CAD of acetone 
molecular ion to acetyl ion on collision with helium at 1.58 eV 
collision energy (23.38 eV LAB). Contour lines connect points of 
equal intensity normalized such that the most intense line COT- 
responds to a relative intensity of 9 and the lowest to 1. The 
circle marked ESC represents the elastic scattering circle indi- 
cating no energy conversion behwen translational and internal 
modes. The circle labeled AT’ = 2.2 eV circumscribes all veloc- 
ity vectors of the acetone ion for which the translational energy 
is increased by 2.2 eV. This must arise from the conversion of 
2.2 eV internal energy into translation. The innermost circle cor- 
responds to the conversion of 1.3 eV translational energy into 
internal energy. Dissociation into acetyl ion and methyl radicals 
requires a minimum of 0.65 eV additional energy to surmount 
the thermochemical barrier. 
bilities of observing acetyl ion and ethyl ion scattered 
at a particular CM angle with a particular CM veloc- 
ity. The zero velocity point is the CM origin, and zero 
angle is defined by the primary ion direction. Our ex- 
perimental contour plots use the symmetry property 
that positive and negative deflection angles are identi- 
cal to show the fraction of all reaction space mapped 
by our experiments. A small cone at 18OflO” is ex- 
cluded from observation in both figures by geometri- 
cal factors of our apparatus that preclude mapping the 
back-scattered regime completely [5]. 
Figure 3 is remarkably more structured than we 
had anticipated for the acetone molecular ion (or for 
polyatomics generally). Two distinct peaks of nearly 
equal intensity are observed, both of which lie in the 
backward-scattered region. Scattering in this sector 
demonstrates that nearly head-on collisions of small 
impact parameters dominate the CAD process for ace- 
tone ions at this energy. 
We first consider the back-scattered peak located 
outside the ESC. Clearly this peak identifies an 
exothermic superelastic collisional activation process 
releasing internal energy into translation. Our recent 
study of acetone ion CAD at very low collision energies 
(at and below the thermochemical threshold) demon- 
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I II translational energy initially present in the reactants is 1.6 eV, the kinetic energy gain via this mechanism is about 2.2 eV. Because the thermochemical threshold 
1 U(R) ’ 
for reaction 1 is 0.65 eV, we can account for the con- 
version of about 2.9 eV from stored internal energy to 
+-_ translational energy plus the energy required for CAD 
M+*(n) + N 
proceeding via this mechanism. A similar analysis was 
put forward in an earlier report that investigated the 
CAD of acetone ion at 0.45 and 0.65 eV [6]. 
_j ?I AE It is quite remarkable that an excited state of the ace- 
/ tone ion could remain stable during its passage from 
I M+(X) + N the ion source to the collision center even though it 
R 
had such a large excess of internal energy. However, 
Figure 4. Schematic pseudodiatomic potential energy curves 
a number of other experiments also indicated [23, 241 
representing the collision path of an excited acetone ion MT * that acetone molecular ion can have excess energy in 
with neutral atom N crossing into ground state MT with excess this range and not decompose. In our earlier paper, 
energy release into translation via a curve-crossing mechanism. we proposed on the basis of similar energetics that this 
AE indicates schematically the additional energy required for dis- long-lived state is the A state of the acetone ion. We 
sociation to occur from the ground electronic state. referenced a photoelectron (PE) spectroscopic study 
that reported that the vertical transition energy is 2.9 
&rated that this mechanism involves a long-lived elec- 
tronic state of the ion [6]. As discussed in detail else- 
where [6], at these very low collision energies, acetone 
ion in a long-lived electronically excited state collides 
with helium and releases its excess energy into trans- 
lation before the dissociation. As discussed in connec- 
tion with Figure 2 and our models (a) and (b), a rela- 
tively tight distribution of acetyl ion velocities implies 
both a relatively well defined energy transfer step and 
a modest distribution of kinetic energy release in the 
dissociation step. Under these circumstances, energy 
transfer into the acetone ion can be discussed with con- 
fidence. This appears to be the case for the present 
example. 
In contrast with our models, the experimental distri- 
bution demonstrates that the dissociating acetone ions 
giving rise to the peak outside the ESC have much 
highev translational energy than the incoming ion. This 
energy-release process is induced by nearly head-on 
collisions of the ion and neutral. The significant dis- 
ruption of nuclear positions anticipated for such col- 
lisions is the likely triggering event for releasing the 
stored electronic energy into translation. 
Figure 4 indicates, in a very schematic way, 
our interpretation of how this unexpectedly strong 
back-scattered electronic-to-translational (E + T) en- 
ergy transfer step that initiates CAD of the acetone 
ion may actually take place. The long-lived excited 
state population of acetone ions (M+*) collides with 
the neutral atom, N, along the upper curve in the 
figure. At short distances-specifically, at or near the 
turning point of the trajectory--the system crosses to 
the lower curve. When the particles separate, the elec- 
tronic energy of the upper state is released largely as 
translational energy. Back-scattering implies that this 
curve-crossing mechanism is accessed mainly by small- 
impact-parameter collisions. 
The maximum of the peak outside the ESC in Fig- 
ure 3 lies at about 3.8 eV from the CM. Because the 
eV [25]. The ground-state energy is lower and of the or- 
der of 2.2 eV for the O-O transition [ 191. This energy dif- 
ference matches rather well the kinetic energy release 
we measured in the present experiments and at colli- 
sion energies of 0.45 and 0.65 eV [6], that is, a constant 
offset of AT’ = 2.2 eV separates the maximum from 
this mechanism from the ESC as the radius of the ESC 
is changed by changing the collision energy over this 
range from 0.6 to 1.5 eV. Because additional electronic 
states are located in an overlapping band in the PE 
spectrum, our suggestion that the A state is respon- 
sible for this remarkable CAD mechanism is plausible 
but may not be definitive. 
Microscopic reversibility requires that the reverse 
pathway for conversion of translational energy into 
electronic excitation be equally efficient. The endother- 
mic peak in Figure 3 may be evidence for this mech- 
anism. A circle drawn through this inner peak corre- 
sponds to 0.3 eV kinetic energy with respect to the 
CM, or a shift of 1.3 eV from the ESC in this 1.6- 
eV collision energy experiment. This translational-to- 
internal energy exchange supplies much more than 
the 0.65 eV required to surmount the thermochem- 
ical barrier. If we add to our energy inventory the 
- 0.8 eV internal energy that some ground-state ace- 
tone ions formed by EI are expected to retain (19, 251, 
there is just sufficient energy to excite the fist ex- 
cited A state of the acetone molecular ion. Clearly this 
largely back-scattered, small-impact-parameter “hard 
core” collision populates highly excited state(s) of the 
acetone molecular ion. Some, and probably most, are 
coupled to the acetyl ion dissociition channel and 
are observed as CAD products. In the 1.6 eV col- 
lision energy experiment summarized by Figure 3, 
the two pathways-collisional perturbation of the elec- 
tronic states, which then decay, and the pumping of vi- 
brationally excited ground-state ions to higher (possi- 
bly electronically excited) states, which also decay-are 
coincidentally of nearly equal intensity. 
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CH$OCH:'+ AmCH$O+ + CH; + Ar 
at 300 eV laboratory (123 eV CM) 
t I ESC 
1 I la6,m/mci I I 
Figure 5. Scattering contour diagram for the CAD of acetone molecular ion to acetyl ion on collision 
with helium at 123 eV collision energy (300 eV LAB). Contour limes connect points of equal intensity 
normalized such taht the most intense line corresponds to a relative intensity of 9 and the lowest to 
1. The circle marked ESC represents the elastic scattering circle indicating no energy conversion 
between translational and internal modes. Only the positive angle deflection portion of the diagram 
is shown. (Reprinted with permission from ref 5.) 
A third dynamic mechanism not energetically ac- 
cessible at 1.6 eV is also important in acetone ion 
CAD. Figure 5 is the scattering contour diagram for 
an acetone ion colliding with argon at 123 eV CM col- 
lision energy. As discussed in detail elsewhere [6], 
this forward-scattering mechanism. is the only one ob- 
served over the energy range from tens of electron 
C,Hi’+ He HC,H~ + CHJ + He 
at 1.54 eV Collision Energy 
U 
6 x lo4 cm/set 
Figure 6. Scattering contour diagram for the CAD of propane 
molecular ion to ethyl ion on collision with helium at 1.54 eV 
collision energy (17.8 eV LAB). Contour lines connect points of 
equal intensity normalized such that the most intense line corre- 
sponds to a relative intensity of 9 and the lowest to 1. The circle 
marked ESC represents the elastic scattering circle indicating no 
energy conversion between translational and internal modes. 
volts to kilovolts. It is highly endothermic, absorbing 
about 6 eV in the Figure 5 experiment. 
The present results are consistent with and bridge 
our previous CAD studies of the acetone ion [5, 61. 
As the energy is lowered to and below the thermo- 
chemical threshold, the relative contribution from the 
endothermic channel decreases dramatically and the 
superelastic backward-scattered peak completely dom- 
inates low-energy CAD. At somewhat higher energy, 
backward-scattering with a peak maximum within the 
ESC dominates the CAD process. At the intermediate 
energy of 1.6 eV reported here, both back-scattered 
processes are observed with roughly equal intensities. 
At still higher energy, forward-scattered, highly en- 
dothermic scattering becomes the dominant mecha- 
nism. The forward-scattering mechanism depicted in 
Figure 5, which is not observed in low-energy experi- 
ments, is the only CAD mechanism observed at kiio- 
volt energies. 
Our results for propane ion CAD under experimen- 
tal conditions nearly identical to those of Figure 3 are 
summarized in Figure 6. The CM velocity contour map 
for reaction 2 at 1.54 eV collision energy using he- 
lium collision gas is shown in Figure 6. In sharp con- 
trast with acetone results, ethyl ions generated from 
propane ion CAD are strongIy forward-scattered, with 
the intensity maximum falling within the ESC. This is 
the expected result for an endothermic inelastic col- 
lision process. The maximum is at noIlzer0 scattering 
angle, as was also observed in an earlier higher energy 
study [3] using neon as the neutral collider. 
The earlier molecular beam study of the dynamics 
of methane and propane ion CAD used the QET of 
mass spectra to interpret the dynamics. The conver- 
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sion of translational to internal energy (at a given col- 
lision energy) was shown to correlate approximately 
linearly with scattering angle. Different scattering an- 
gles for individual CAD channels result from the dif- 
ferent energy requirements for competing dissociation 
processes, as shown most clearly by the QET break- 
down graph for the propane molecular ion [ll]. A dis- 
tribution of vibrationally excited ground-state molec- 
ular ions are excited by collision to a broad distribu- 
tion of excited vibronic states of the propane ion. The 
“hardness” of the collision correlates (via the impact 
parameter) energy deposition with larger scattering an- 
gles. Because ethyl ion formation is a higher energy 
process than propyl ion or ethylene ion formation, the 
maximum intensity for ethyl ion formation occurs at a 
larger scattering angle. This general pattern, also found 
in our experiments and depicted in Figure 6, is pre- 
served as collision energy is increased. 
At higher collision energies, the dynamics of reac- 
tion 2 depicted in Figure 6 change only quantitatively 
[3, 26, 271. The scattering angles at which the inten- 
sity maximum is found closes smoothly to lower val- 
ues but remains nonzero. This behavior is that which 
is expected for an impulsive excitation mechanism fol- 
lowed by prompt dissociation with little kinetic release 
in bond scission. At nearly 500 eV collision energy, 
the scattering probability contour diagram for propane 
ions colliding with argon and decomposing by reac- 
tion 2 is rather similar to Figure 4 for acetone [26, 271. 
The maximum intensity occurs at 1.8”, and the ma- 
jor difference is that the translational endothermicity 
is significantly smaller than for acetone. 
This invariance of mechanism with collision energy 
characteristic for reaction 2 is clearly not observed for 
reaction 1. We attribute the very different CAD dynam- 
ics for the formally similar reactions 1 and 2 to the very 
different electronic band structures for the two molec- 
ular ions. The presence of the carbonyl group pro- 
foundly shifts the ground-state ionization level, which 
may be described for acetone as the removal of a lone- 
pair electron from the oxygen atom. In the PE spec- 
trum, this shows up as an intense peak for the O-O 
transition at 9.7 eV. The ground-state vibronic enve- 
lope is relatively narrow, and there is a window in the 
PES spectrum [19, 251 from 10.5 to 11.3 eV where 
no photon absorption occurs. Unfavorable Franck- 
Condon factors render the adiabatic transition to the 
A state very weak and difficult to observe. It is located 
at about 11.9 eV, and the vertical transition to the A 
state is found at 12.6 eV, 2.9 eV above the ground 
state. Several electronic states overlap in this upper 
band, and several minima and maxima characterize the 
shorter wavelength PE spectrum of acetone. 
Ihis contrasts strongly with propane, for which 
the PE spectrum is broad and unstructured [ZB]. In 
propane the strong coupling of excited states to the 
ground state, as required by the fundamental postu- 
lates of the QET, leads to the CAD dynamical features 
we have described. We suggest that the fundamen- 
tal reasons for the quite different CAD dynamics of 
acetone is the difference in the electronic structure of 
the ion. This is manifested most directly in the coarse- 
grained PES spectrum of acetone and the lack of strong 
coupling of one or more excited electronic states to the 
ground state. 
Our tentative conchrsion from these observations is 
that acetone ion CAD largely follows an electronic state 
excitation pathway. This is clearly the case at very low 
energies [6] and in the present experiments. We sug- 
gest that it may also be true at high energy, for which 
the large energy loss (Figure 5) may result from the 
excitation of electronic levels higher than 5 eV. 
These contour diagrams obviously reveal a great 
deal about mechanisms of collision processes. How- 
ever, they also can present a misleading picture of the 
relative importance of different mechanisms. They rep- 
resent a planar section of the scattering sphere rather 
than a sampling of the spherical surface. In particu- 
,Iar, plotting data in the plane of the reactant beams 
exaggerate the importance of mechanisms that pile up 
intensity at the poles of the reaction sphere, Multiplica- 
tion by the sine of the CM scattering angle corrects for 
this effect. The total reaction probability, or cross sec- 
tion, is obtained by integration of the differential cross 
sections derived from our data over spherical angles 
PI. 
A second quantity, elusive in most MS/MS measure- 
ments, is the energy deposition function. In combina- 
tion with an appropriate kinetic model, the distribu- 
tion of internal energy deposited in the collision step 
defines the rates of subsequent decomposition steps. 
Within the uncertainties imposed by our low signal- 
to-noise measurements and the assumptions made in 
interpreting CAD as a stepwise process, our experi- 
ments permit us to evaluate directly the energy de- 
position in collisional excitation. This is deduced from 
the change in translational energy. By energy conser- 
vation, the change in kinetic energy, AT’, is equal to 
(and opposite in sign) the change in internal energy, 
-AU, for inelastic collision processes. We have already 
used this concept explicitly in discussing the proba- 
ble mechanisms revealed by the maxima in Figure 3. 
The average energy deposition and its distribution are 
deduced by the appropriate average over energy and 
scattering angle. The relevant equation is 
P(T’) m 11 J Ph u2, ua)sinxdx 
where u is the magnitude of the CM product velocity 
vector; P(ul, ~2, us) is the probability that products are 
observed in the space defined by the Cartesian CM 
coordinates infinitesimally close to ~1, ~2, and us; and 
x is the CM scattering angle. 
Figure 7 is obtained by applying the transformation 
relation given in eq 3 to the same data set used to con- 
struct Figure 3. This figure shows a discernible peak 
in the energy transfer distribution function for the en- 
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Figure 7. Relative translational energy distribution of acetyl ion 
at 1.58 eV collision energy expressed as translational exoergicity. 
Negative AT’ represents conversion of kinetic energy into inter- 
nal energy. 
dothermic reaction channel and a broad maximum at 
about 2.9 eV for the exothermic channel. For propane 
the analogous Figure 8 exhibits no structure in the 
Pr’) distribution. The mean energy deposition to de- 
rive propane ion CAD is about 0.6 eV, a value consis- 
tent with the earlier study [3] and with the hypothesis 
that CAD can be described within the QET framework. 
Both CAD excitation peaks are broad (and are further 
broadened by kinetic energy release in the dissociation 
step), washing out much of the detail present in the 
contour diagrams, Figures 3 and 6. A broad range of 
scattering angles and a broad range of energy depo- 
sitions promote CAD for both molecular ions. Highly 
exothermic and highly endothermic processes, and the 
whole range in between, are part of the CAD reaction 
dynamics for acetone. Propane exhibits no exceptional 
energy transfer features. 
We have suggested that the structured scattering 
patterns for the acetone ion result from its coarse- 
grained electronic structure. It is therefore disappoint- 
ing, in some sense, that Figure 7 does not correlate 
directly with its highly structured PE spectrum. This 
results, in part, from the integration of CAD processes 
over the total reaction sphere (momenta of all prod- 
ucts, or phase space for the reaction), which largely 
removes the detail observable in individual angular 
scans. One pragmatic conclusion, which follows from 
a comparison of Figures 3 and 7, is that the angu- 
lar scanning capability of our tandem spectrometer is 
its most important characteristic for examining details 
of CAD reaction mechanisms. The success of angle- 
resolved mass spectrometry in structural CAD studies 
[29] no doubt relates directly to this same characteris- 
tic. Our ability to measure translational energy in the 
same experiment is also extremely important in that 
it allows us both to distinguish forward-, side-, and 
back-scattered processes as qualitative features of CAD 
mechanisms and to construct detailed scattering con- 
tour diagrams. 
P(T) 
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Figure 8. Relative translational energy distribution of ethyl ion 
at 1.54 eV collision energy expressed as translational exoergicity. 
Negative AT’ represents conversion of kinetic energy into inter- 
nal energy. 
A second important conclusion follows from our 
observation that the Pr’) diagram does not correlate 
with the PE spectrum (indirectly) or the breakdown 
graph (directly) for acetone. We infer that CAD excita- 
tion does not follow optical selection rules. The range 
of impact parameters sampled in all collision experi- 
ments may emphasize optically allowed transitions at 
some scattering angles but also populates energy levels 
not accessed by photon and (high-energy) electron im- 
pact. A similar conclusion about CAD excitation mech- 
anisms in general was reached by Cooks et al. [30, 311 
from an exhaustive survey of the dependence of ion 
fragmentation patterns on the mode of excitation. 
Recent papers by Cooks et al. [30, 311 focused our 
attention on the importance of the energy deposition 
function in determining CAD mechanisms. For some 
examples, features of the PE spectra of test molecules 
are found as broadened features in the excitation func- 
tions they deduce for CAD. For some systems the ex- 
citation function is similar at low and high energy; for 
others it is different. Our direct measurement of Pr’) 
for the acetone molecular ion shows that it falls into 
the latter category. A comparison of Figure 7 with Fig- 
ure 12 of ref 5 shows that the integrated energy de- 
position function changes dramatically with collision 
energy. The shift in P(T’) for the propane molecular 
ion is much less pronounced over the same energy 
range [26, 271. We speculate that the fundamental fac- 
tor underlying this difference is that the acetone ion 
CAD excitation mechanism follows an electronic exci- 
tation ladder whereas propane CAD mainly involves 
vibronic excitation. This speculation clearly identifies 
CAD studies of non-QET molecular ions as an inter- 
esting topic for future research. 
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